Background: Currently, prognostication for pancreatic ductal adenocarcinoma (PDAC) is based upon a coarse clinical staging system. Thus, more accurate prognostic tests are needed for PDAC patients to aid treatment decisions.
Introduction
Pancreatic ductal adenocarcinoma (PDAC) has the shortest survival duration of any solid organ malignancy [1, 2] . Currently, prognostication for patients with PDAC is based on the 7 th edition of the American Joint Committee on Cancer (AJCC) staging system that takes into account size and invasive properties of the tumor and presence of nodal and distant metastatic disease [3] . This staging system remains the primary consideration by physicians to determine appropriate treatment as well as offer prognostic information for patients and families [3] . Significant ranges in survival exist within individual AJCC clinical stages [4, 5, 6] ; for instance, stage IV patients may live only a few weeks after diagnosis or may live longer than one to two years with treatment. It is likely that this intra-stage variance is due to heterogeneous tumor gene expression resulting in differences in tumor biology.
We report the identification and validation of a 13-gene expression signature that predicts survival for patients with PDAC with stratification of patients into high-and low-risk groups based on the coordinate expression of genes defined by the gene expression signature. Assessment of lymph node status further added to the prognostic efficacy of the signature. The genes and pathways whose expression makes up the 13-gene signature represent possible targets for further research into the biology of PDAC tumors.
Methods

Ethics Statement
PDAC sample collection and processing were carried out with approval of the Institutional Review Board of the University of Virginia in coordination with the Biorepository and Tissue Research Facility. All patients provided written consent for participation. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health [7] . The protocol was approved by the Animal Care and Use Committee of the University of Virginia (PHS Assurance #A3245-01).
Propagation of Patient-Derived Tumors in Immunocompromised Mice for Gene Expression Profiling
The collection, pathologic examination, and propagation of human patient-derived PDAC specimens in immunocompromised mice were performed as previously described [8, 9] . Following surgical resection and pathological review of the patient tumor, residual tumor tissues were collected and placed in Roswell Park Memorial Institute media (RPMI) for surgical transplantation in mice. Six to eight week old, male, non-obese, diabetic, severe combined immunodeficient (NOD SCID) and athymic nude mice (National Cancer Institute, Fredricksburg, MD) were used. To achieve more efficient engraftment during initial establishment of the human PDAC tumor line, NOD SCID mice were used for the first two generations. For propagation of the tumor line beyond these first two generations, athymic nude mice were used, as they retain innate immunity (natural killer cells, B lymphocytes, antigen presenting cells, and complement activity), which is impaired in NOD SCID mice. Mice were housed in pathogen-free conditions, acclimated to their new surroundings for at least 48 hours prior to tumor engraftment, and maintained in accordance with institutional standards. All animal surgery was performed under 2,2,2-tribromoethanol anesthesia (4 mg/10 gm body weight). Postsurgery mice were administered ketoprofen 0.1 mg for pain control and were observed continuously for signs of pain or distress (hypoactivity, restlessness, vocalization, hiding, lack of grooming, abnormal posture, tremor, or respiratory distress) until they recovered from anesthesia, then monitored daily for 48 hr for signs of pain or distress. Humane endpoints were observed throughout experiments with mice being sacrificed when tumors reached a volume greater than 1500 mm 3 by MRI assessment or when mice developed 15% weight loss. Mice were sacrificed via isofluorane anesthesia followed by cervical dislocation.
Human tumors were surgically implanted onto the pancreata of mice immediately following resection from either a patient or earlier generation xenograft. A 1.5-cm left flank incision was used to access Table 1 . Patient, tumor, and treatment data in derivation and validation sets.
Demographics
Derivation Set (n = 15) Validation Set (n = 101) the peritoneum of anesthetized mice, the pancreas was exteriorized using a sterile cotton swab and a small piece (,25 mm 3 ) of fresh patient tumor was sutured onto the pancreas using 5-0 Prolene (Ethicon, Cornelia, GA). The pancreas was repositioned and the wound closed using 4-0 Vicryl suture (Ethicon).
Human tumor tissue comprising tumor and associated stroma (without laser microdissection) was preserved after harvest from individual xenografts using AllProtect (Qiagen, Valencia, CA) for efficient RNA preservation. Tissue homogenization was performed utilizing the TissueLyzer LT (Qiagen) and RNA extraction was performed using the RNAeasy kit (Qiagen), according the manufacturer's instructions. Gene expression analysis using the Affymetrix GeneChip platform (Affymetrix, Santa Clara, CA) using the Human Genome U133 Plus 2.0 Arrays and the GeneChipt 39 IVT Express Labeling Assay was carried out by the University of Virginia Biomolecular Research Facility.
Development of Prognostic Gene Signature and Statistical Analysis
Expression data sets from two distinctive patient cohorts were employed for gene prediction modeling and independent validation ( Table 1 ). The first data set was derived from a cohort of 15 patients with pancreatic cancer at the University of Virginia (UVA-15; GSE46385) and was used for the gene expression biomarker discovery and prediction modeling for patient survival. To identify an appropriate external validation data set, we conducted a search for linked gene expression and overall survival data for patients with pancreatic cancer in the following publicly available databases: National Center for Biotechnology Information -Gene Expression Omnibus (NCBI GEO; http://www.ncbi. nlm.nih.gov/geo/), European Molecular Biology LaboratoryEuropean Bioinformatics Institute Array Express (EBML EBI; https://www.ebi.ac.uk/arrayexpress/), The Cancer Genome Atlas (http://cancergenome.nih.gov/), and Oncomine (https:// www.oncomine.org/resource/login.html). From this search, we found a data set derived from a cohort of 101 PDAC patients (Stratford-101; NCBI GEO Database: GSE21501). The second external data set reported appropriate survival information of 45 PDAC patient samples (GSE28735), so the larger external dataset (Stratford-101; GSE21501) was selected as the validation set. Raw expression data were downloaded from GEO, examined for quality control, and pre-processed using robust multi-array averaging (RMA) and quantile normalization methods in the R/ Bioconductor programming environment. Patients were grouped by overall survival duration into short survival time (n = 7, survival range: 2.0-9.0 mo; median: 6.1 mo) and long survival time (n = 8, survival range: 10.6-32.8 mo; median: 13.7 mo, Fig. 1A ). Using the UVA-15 data set, genes that were significantly differentially expressed between short and long survival groups were identified using both non-parametric Wilcoxon test and two-sample t-test to identify genes that were consistently associated with patient survival. The data were fitted to a Cox proportional hazard regression model using the metagene signatures (principal components) of 15 genes based on a statistical dimension reduction technique.
Applying the fitted Cox regression model independently, survival times for patients in the Stratford-101 cohort were determined. The predicted survival times of the Stratford-101 patients were ranked and converted into percentiles -1 for the patient with the shortest survival time and 100 for the patient with the longest survival time. The statistical significance of the predicted survival scores were evaluated compared to actual patient survival times using Student two-sample t-test at the optimal prediction (percentile) score cutoff that maximized the survival benefit with the highest positive predictive value for longterm survivors. Kaplan-Meier survival analysis was also performed at this cutoff point. Risk hazard ratios were also obtained from the Cox regression model for several contrasting conditions of interest on the Stratford-101 cohort.
Pathway-level gene expression changes between high risk and low risk patients from the Stratford-101 dataset were identified using gene set enrichment analysis. Annotated gene sets for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were downloaded from the Molecular Signatures Database [10, 11, 12] . Expression changes for genes and KEGG pathways were evaluated using linear models for microarrays (limma) and gene set variability analysis [13, 14, 15] . A p-value cutoff of 0.05 was applied after false discovery rate (FDR) correction. Table 1 summarizes the information for the 15 patients comprising the derivation set all of whom underwent surgery for PDAC at the University of Virginia. Tumor stage ranged from I to IV, with the majority of patients having stage IIb disease with positive lymph nodes. The 40% of patients in the derivation set with stage IV disease underwent excision/biopsy of a metastasis (4 patients with liver metastases, one patient with peritoneal metastasis, and one with pleural metastasis), but did not undergo resection of their primary tumor. No patients in the derivation set received any form of neoadjuvant therapy, while all patients with localized disease who underwent resection received post-operative gemcitabine-based chemotherapy and 5 of 6 patients with metastatic disease received post-operative palliative gemcitabinebased chemotherapy (Table 1) .
Results
Patient and tumor characteristics
A total of 101 patients with localized, resected PDAC comprised the validation set for the gene expression signature [16] . The majority of patients within this group had stage IIb PDAC (72%) and none had stage IV disease, as all tumors were resectable ( Table 1) . Frequency of neoadjuvant and adjuvant therapies administered to this patient group was unavailable.
Identification and validation of a 13-gene prognostic signature
The 13 genes that comprise the 13-gene expression signature are described in Table 2 . To evaluate the predictive ability of the initial candidate 13-gene prognostic signature we assessed an independent gene expression data set derived from 101 patients with localized primary PDAC [16] . The optimal cutoff point differentiating low risk score vs. high risk score was determined to be 70 by maximizing the Youden index (sensitivity+specificity21) with the constraint that the proportion of high-risk patients was at least 10% or higher for practical clinical applications. The 13-gene prognostic score was then applied with a cutpoint of 70 (e.g. low risk: ,70; high risk: .70), which provided the significant survival benefit and difference between patients with low vs. high risk scores in the derivation set of 15 patients (Fig. 1A) . Heat maps of the gene expression signature for the UVA-15 derivation set and 101-tumor validation set are shown in Figure 1 . This application of the gene signature effectively stratified patients into high-and low-risk groups with a median overall survival (MS) of 14.0 v. 21.0 months, respectively (Fig. 1D) . Furthermore, patients in the highrisk group had a greater than two-fold increase risk of death as compared to those in the low-risk group (HR 2.27 [95% CI 1.34-3.85], p = 0.002; Fig. 1D ).
A 13-gene expression signature more accurately predicts survival of PDAC patients when combined with nodal status
We next sought to further refine our prognostic gene score by incorporating lymph node status with the risk score. This effectively stratified patients into four groups -low-risk score, node-negative (n = 22); low-risk score, node-positive (n = 48); highrisk score, node-negative (n = 6); and high-risk score, node-positive (n = 25). As demonstrated in Figure 2A , patients in the low-risk, node-negative group had the best prognosis (MS: 41.0 mo), followed by low-risk, node-positive patients (MS: 18.0 mo). Patients with high-risk score had poor median survival, independent of lymph node status (node-negative: 15.5 mo; node-positive: 14.0 mo; p = NS; Fig. 2A ). Compared to low risk, node-negative patients, the high-risk, node-positive patients had a near 4-fold increased risk of death (HR = 3.77 [95%CI: 1.75-8.10], p = 0.007), and high-risk, node-negative patients had 3-fold increase (HR = 3.09 [95% CI: 1.05-9.03], p = 0.007), whereas low-risk, node-positive patients had a 2-fold increased risk (HR = 1.95 [95% CI: 0.98-3.88], p = 0.007; Fig. 2A) .
Interestingly, what is apparent from the aforementioned results is that patients with high-risk tumors based on gene expression have a poor prognosis, regardless of nodal status; whereas, nodal status further refines prognosis for patients with low-risk tumors. Thus, there are three distinct prognostic groups: high-risk patients (n = 31; MS: 14.0 mo; Fig. 2B ), low-risk, node-positive patients (n = 48; MS: 18.0 mo; Fig. 2B) , and low-risk, node-negative patients (n = 22; MS: 41.0 mo; 2B).
Pathway analysis reveals key pathways differentially expressed between tumors with high-and low-risk prognostic signatures
To link the observed changes in gene expression with molecular and cellular pathways that may impact in the observed differential survival between high-and low-risk groups, we evaluated 5199 of 17623 genes and 97 of 186 KEGG pathways that were significantly differentially expressed between patients with highrisk and low-risk prognostic scores. Differentially expressed KEGG pathways between high-and low-risk patients included cancer cell signaling pathways (MAPK, VEGF, MTOR, and ERBB signaling pathways) and cancer pathways (acute myeloid leukemia, nonsmall cell lung cancer, chronic myeloid leukemia, and pancreatic cancer; Table 3 ). Additionally, three genes from the 13-gene prognostic signature, MDM2, PLCG1, and TGFA, were represented in 9 out of the top 20 significant pathways. These results revealed that genes involved in canonical cancer signaling pathways were most differentially expressed between high-risk and low-risk tumors and that the activity of these pathways may be responsible for the observed difference in survival between highand low-risk patient groups. Overexpressed in PDAC [34] . Expressed in Ras-dependent manner in cell lines [36] .
Altered in many cancers, including glioblastoma, lipsarcoma, melanoma, and breast cancer [54] .
MS4A3
210254_at Membrane-spanning 4-domains, subfamily A, member 3
Cell-cycle modulator Highly expressed in pancreatic adenocarcinoma [35] .
Highly expressed in multiple cancers, including seminomas, endometrium, ovary, and breast [35] . Expression associated with survival in expression profiles of glioblastoma [57] . Expression correlated with poor survival in esophageal cancer [13] . 
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Discussion
We report a 13-gene expression signature, derived from gene expression analysis of 15 patients with PDAC and externally validated on gene expression data from a separate cohort of 101 patients, which accurately predicts patient survival. Because this model was based on overall survival for patients with stage I to IV disease, we believe this is the most logical and accurate prognostic gene expression signature reported for patients with PDAC.
Due to variation in survival within AJCC clinical stages and to the large genomic heterogeneity within PDAC tumors, investigation into prognostic gene expression patterns has been increasingly reported [3, 16, 17, 18, 19, 20] . In a previously reported study of patients with metastatic versus non-metastatic PDAC, a 6-gene Figure 2 . A 13-gene expression signature combined with lymph node status accurately predicts patient survival. Kaplan-Meier overall survival of (A) a validation set of 101 patients with localized, resected PDAC according to 13-gene prognostic score combined with pathologic lymph node status at the time of surgery, and (B) the same 101 patients grouped according to either high-risk 13-gene prognostic score alone or low-risk 13-gene prognostic score plus pathologic nodal status at time of surgery. doi:10.1371/journal.pone.0105631.g002 Table 3 . Top 20 KEGG pathways significantly enriched (p,0.05) for upregulation in high risk patients relative to low risk patients.
KEGG Pathway
Prognostic Genes* FDR prognostic signature correlated with survival; however, this signature was derived from tumor stage at presentation and not from patient survival [16] . Moreover, no overlap exists between the candidate genes in the 6-gene signature and the 13-gene expression signature described herein, which was in fact based on patient survival. Thus, because of the selection of the derivation patient set, we believe this 13-gene expression signature outperforms others reported in the literature for patients with PDAC.
Commercially available mutational and gene expression profiling platforms are increasingly utilized as adjuncts to conventional clinical treatment algorithms for treatment of cancers including breast, prostate, and colon cancer [21, 22, 23, 24] . These expression analyses are arguably most robust in predicting outcomes for patients with breast cancer, including OncotypeDX and MammaPrint [25, 26] . These platforms are used to predict early outcomes and risk of metastasis in breast cancer; however, further applications of these tools helps tailor treatment based on predicting response to therapies [25, 27, 28, 29, 30, 31] . To date, no such prognostic tool is commercially available for patients with PDAC; however, predicting survival for patients with PDAC based on individual tumor biology would clearly benefit patients' and clinicians' therapeutic decisions.
The individual genes whose expression levels were used to derive this 13-gene prognostic signature reveal an intriguing network of pathways that impact PDAC patient survival (Table 2 and 3). Many of these genes have been implicated in various human cancers, including pancreatic cancer; however, some have not been reported to be associated with any cancers to date. Recognizable genes such as TGFA, ELAVL1 and MDM2, and less so MS4A3 are over-expressed in PDAC lesions or associated with patient prognosis [32, 33, 34, 35, 36] . Interestingly, genes such as CCDC88C, CD200R1, and CUL3 have been associated with prognosis or being highly expressed in other forms of cancer, however they have not been reported in PDAC to the best of our knowledge [37, 38, 39, 40] . Their involvement in the 13-gene prognostic signature is the first report of their expression being implicated in patient survival in PDAC. The identification of measureable differences in gene expression between PDAC tumors from patients with varying survival times supports the further application of our gene signature and investigation into these various pathways.
No patients within the derivation set received neoadjuvant therapy of any form, and therefore the gene expression analysis of these tumor samples represents the profile of the tumor prior to any systemic therapy (Table 1) . However, within the prognostic calculation is the expression of ELAVL1, also known as Hu antigen-R (HuR), which has been implicated in PDAC response to chemotherapy [33] . In fact, PDAC patients with low levels of ELAVL1 expression have a 7-fold increase in mortality [33] . In our analysis, high-risk PDAC tumors have a decreased expression of ELAVL1 as compared to low-risk tumors and 93% of patients within the derivation set received standard-of-care adjuvant or palliative gemcitabine-based therapy. Unfortunately, clinical data on adjuvant therapy regimen of the 101 patients within validation set was unavailable; however, it stands to reason that the majority of patients also received standard of care gemcitabine adjuvant therapy. The 13-gene expression signature may predict patient response to adjuvant gemcitabine therapy and we plan to evaluate the ability of the 13-gene signature to predict response to therapy in future studies.
A particular strength of this study is that the patient tumors within the derivation set are from a good representative sample of AJCC disease stages (Table 1) . A limitation of our study is that the validation set was comprised of 101 patients with localized, resectable PDAC and thus the great majority of patients had AJCC stage IIb or less (Table 1 ). We hypothesize that having an increased number of patients with stage III or IV disease in the derivation set would only serve to increase the stratification based on our gene signature with and without the addition of nodal status because this would add a larger number of patients with either high-risk disease, or, low-risk node-positive disease and push these survival stratifications toward greater statistical significance. Despite this, the fact that our signature was externally validated on a set of 101 patients with PDAC whose gene expression and clinical data was publically available adds to the unbiased nature of our study.
Due to the coarse nature of the current clinical PDAC staging paradigm, additional prognostic tools are needed to aid in therapeutic decision-making. The decision to undergo pancreatic resection, which is the only potentially curative option for PDAC patients, is a stressful one considering the 15-26% readmission rate and complications occurring in approximately 40% of patients after surgery even at centers of excellence [41, 42, 43, 44] . Additionally, systemic chemotherapy can be associated with significant toxicity and can negatively impact quality of life. Given the uncertain benefit of chemotherapy for a given patient, the concerns over treatment toxicity and quality of life are key factors facing patients. The ability to offer patients and clinicians accurate prognostic data about PDAC tumors based on gene expression measurement of individual tumor biology is invaluable and could influence the decision to offer (or forego) therapy. This prognostic instrument has the potential to aid patients and physicians in making treatment decisions, which ultimately may affect outcome and impact quality of life. Future evaluation of this gene signature will assess for the ability to predict response to chemotherapy.
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